MTSEA) and (2) that MTS modification of channels with cysteine substitutions in only two out of four subunits was sufficient to cause a marked change in channel two reagents attach, respectively, -SCH 2 CH 2 NH 3 ϩ or function. -SCH 2 CH 2 N ϩ (CH 3 ) 3 groups to free sulfhydryls. We asIn the KcsA crystal structure, residues homologous sume that these hydrophilic MTS compounds will only to E19, T20, and P22 lie at the extracellular mouth of modify those cysteine residues whose side chains lie the channel (Doyle et al., 1998) . Thus, the reactivity with on a water-accessible surface of the protein (Akabas et external MTSEA of these cysteine-substituted mutants al., 1992). Furthermore, we assume that addition of a suggested that the structure of the C terminus of the bulky charged group to the cysteine will cause an irre-CNG channel P region is similar to that of KcsA. The versible change in channel function. reactivity of E19C was also consistent with the finding Previous SCAM studies were limited by the finding that E19 forms the binding site for external divalent catthat 12 out of 20 of the cysteine-substituted P region ions (Root and MacKinnon, 1993) and protons (Root and mutants do not yield fully functional channels (Sun et MacKinnon, 1994) . In contrast, the rapid reactivity of al., 1996; Becchetti et al., 1999). Here, we have rescued RET-L14C channels with external MTSEA was unexthe expression of 9 out of 12 of the nonfunctional mupected because the aligned residue A14 in KcsA is lotants by constructing tandem dimers that link the C cated at the inner end of the pore helix, near the central terminus of a wild-type RET subunit with the N terminus cavity of the pore. of a cysteine-substituted mutant subunit. Such tandem dimers yield functional tetrameric CNG channels that Closed-State Accessibility to MTSEA reliably incorporate both the N and C termini subunits Closed-state reactivity with external MTSEA was deterthat comprise the dimer (Liu et al., 1996a). Thus, we mined next, using inside-out patches in which the exterhave now been able to study the accessibility to external nal surface of the membrane was continuously exposed MTS reagents of 17 of the 20 pore region cysteineto MTSEA (in the patch pipette solution). Immediately substituted residues. Cysteine-substituted mutants are following patch excision, brief pulses of cGMP (10 mM) named using the single-letter amino acid code to refer were applied to the inside of the patch to open the to the wild-type residue that has been mutated, followed channel and monitor its reactivity with MTSEA (Figure by its ordinal number in the P region sequence (see 3A). Application of MTSEA in the closed state had no Figure 1 ), followed by a "C", for the cysteine substitution irreversible effect on current flow through channels (e.g., V4C). Those cysteine-substituted mutants studied formed from either wild-type RET monomers or RETas tandem dimers are prefixed by "RET-" (e.g., RET-RET dimers. In contrast, MTSEA did react in the closed L14C).
state with seven cysteine-substituted residues to irreversibly inhibit current flow. The same four residues that reacted with external MTSEA in the open state also Open-State Accessibility to MTSEA We first examined the pattern of reactivity of cysteinereacted with external MTSEA in the closed state (Figure 3 ). substituted residues with MTSEA applied to the external side of the channel in the open state (using outsideSurprisingly, V4C, L7C, and RET-T11C, which did not react with MTSEA in the open state, did react with out patches with 10 mM cGMP in the internal, pipette solution; Figure 2 ). Because the channels were continu-MTSEA in the closed state to inhibit channel current (Figure 3) . The closed-state-dependent reactivity of V4C ously activated by cGMP, the magnitude of the current was determined by periodically applying 20 mM Mg 2ϩ confirmed previous results (Sun et al., 1996) . Here, our identification of the reactivity of L7C and RET-T11C was to the external surface of the membrane to reversibly block current through the open channel (Root and novel. The pattern of closed-state reactivity with external MTSEA at every third or fourth residue in the N-terMacKinnon, 1993). In these experiments, 20 mM free cysteine was present on the internal side of the memminal part of the P region (K2-L14) is consistent with To test this second possibility, after the initial period of exposure to external MTSEA and internal cGMP, (outside-out patches) versus closed-state (inside-out patches) reactivity. We therefore reexamined open-state channels were allowed to close briefly by removing cGMP from the bath solution for 10-15 s (a period long reactivity using inside-out patches, the same configuration used to determine closed-state reactivity. As shown enough for all channels to close fully but too short to permit much closed-state reactivity with MTSEA). Chanin Figure 4 , we observed no inhibition of current when V4C, L7C, or RET-T11C mutant channels in inside-out nels were then reopened with a second application of cGMP. If MTSEA had indeed reacted with channels in patches were exposed to external MTSEA (in the pipette solution) in the open state (in the presence of 10 mM the open state to inhibit an early activation step, we expected that current should be reduced during the internal cGMP). This is in contrast to the marked inhibition of channel currents in inside-out patches during attempt to reopen channels with a second application of cGMP. However, as shown in Figure 4 , we observed similar periods of exposure to MTSEA in the absence of cGMP (Figure 3) . These results thus show that the no reduction in current magnitude when the channels were reopened (for V4C, L7C, or RET-T11C channels). apparent lack of open-state reactivity with MTSEA is not dependent on patch configuration. Thus, the lack of effect of MTSEA when applied to the channels in the open state represents a genuine lack of Is the lack of effect of MTSEA in the open state truly due to a lack of reactivity, or might it reflect an insensitivreactivity. The cysteine-substituted mutants that showed statistically significant reactivity in both the open state and was removed from the solution). We found a significant difference in mean cGMP-activated current between closed state (RET-L14C, RET-E19C, T20C, and P22C) showed no state-dependent changes in their rates of patches obtained from control oocytes and patches obtained from oocytes that had been preexposed to reactivity with MTSEA. However, as expected, mutants that showed statistically significant inhibition only when MTSEA. Thus, for V4C channels, exposure to MTSEA reduced the mean current by 39% Ϯ 6% (n ϭ 3; p Ͻ MTSEA was applied in the closed state (V4C, L7C, and RET-T11C) exhibited a markedly greater rate of reactiv-0.002). For L7C channels, MTSEA reduced the mean current by 70% Ϯ 14% (n ϭ 3; p Ͻ 0.02). Finally, for ity with MTSEA in the closed state than in the open state. The difference in reactivity was greatest for RET-RET-T11C channels, MTSEA reduced the mean current by 59% Ϯ 10% (n ϭ 3; p Ͻ 0.01).
T11C, which reacted 100-fold more rapidly in the closed state than in the open state. L7C exhibited a relatively small, 5-fold increase in rate of reactivity, whereas V4C State-Dependent Rates of Modification To obtain quantitative information about the changes in showed an intermediate, 12-fold enhancement in reaction rate when the channel was closed. reactivity associated with gating, we measured the firstorder rate constants for MTSEA inhibition of channel These state-dependent differences in reaction rate are likely to underestimate the true extent of statecurrents ( Figure 5 ; see Experimental Procedures). This analysis was only carried out for those residues that dependent changes. Thus, even in the presence of 10 mM cGMP, the channels spend a significant fraction of displayed a statistically significant level of current inhibition with MTSEA, applied either in the open state (Figure time in the closed state because the maximal channel open probability (P max ) is less than 1 (for wild-type RET, 2) or closed state (Figure 3) . For all residues, the firstorder rate constants for MTSEA reaction with the cyste-P max ϭ 0.9). As a result, the rate of reactivity in 10 mM cGMP will be a Figures 6B and 6C ). water accessibility of these residues due to a conformaIn the above protocol, MTSET was applied when the tional change in either the pore helix or its surrounding RET-W9C channels were largely in the open state (durenvironment. Alternatively, the altered reactivity could ing prolonged applications of 10 mM cGMP). To deterbe caused by a local electrostatic change without any mine whether the potentiation with MTSET was opengross structural rearrangements (Wilson et al., 2000) . state dependent as predicted by the helix rotation Although we cannot rigorously distinguish between model, we examined the action of MTSET when applied these alternatives, experiments described below are to RET-W9C channels in the closed state ( Figure 6B ). consistent with a model in which the pore helix rotates Inside-out patches were continually exposed to external around its long axis when the channel opens, burying MTSET, while current responses were assayed using a the face of the helix that is exposed to external water protocol that minimized the time spent in the open state. in the closed state of the channel.
As shown in Figure first-order rate constants for the reaction show that the We therefore investigated possible potentiating efrate of MTSET reactivity is ‫-001ف‬fold more rapid in the fects of MTS modification using inside-out patches and open state (30 M Ϫ1 s Ϫ1 ) than it is in the closed state (Ͻ1 successive applications of a subsaturating (50 M) and M Ϫ1 s Ϫ1 ). We observed no potentiating or inhibitory effect a saturating (10 mM) concentration of cGMP. We used of MTSET on either S6C or RET-Y8C mutants (data not the bulky, permanently charged MTSET (1 mM) to maxshown). imize any functional effect of modification and to limit the possibility that the reagent might cross the membrane (although similar results were subsequently obDiscussion tained with MTSEA). Two of the seven residues on the opposite face of the pore helix (Y5C and S10C) could
The cysteine-substituted accessibility method is based on several assumptions, and, so, the conclusions of not be studied because the mutants did not generate functional channels, even as dimers. Two other cystethis study are subject to certain limitations. The first assumption is that only cysteine residues at a waterine-substituted mutants, RET-L12C and RET-T13C, could not be studied because the responses to cGMP accessible surface of the protein will react with the hydrophilic MTS reagents. Further, it is assumed that desensitized during the protocol. Of the three remaining cysteine-substituted mutants, S6C, RET-Y8C, and RETcysteine-substituted residues in the pore region of the channel that react with these compounds will produce W9C, we found that external MTS reagents did, in fact, react with RET-W9C in the open state to potentiate an irreversible change in channel function. However, for those cysteine-substituted mutants that fail to show a channel activation (Figure 6) .
It was important to demonstrate that the responses change in channel function following exposure to MTS reagents, we cannot rule out the possibility that the to cGMP of mutant and wild-type channels were stable in the absence of MTS reagents because of a spontanecysteine-substituted residues react with reagent but that the modification fails to alter channel function. ous slow decrease in EC 50 values that can occur in wildtype CNG channels (Gordon et al., 1992; Molokanova Moreover, cysteine residues that are exposed to a water-accessible surface of the protein could, nonetheless, et al., 1999). Under the conditions of our experiments, both RET-RET and RET-W9C channels showed, in the fail to react with MTS reagents due to an unfavorable local electrostatic environment rather than a true lack There are several fundamental similarities between the inferred structure of the P region of RET CNG chanof accessibility (Wilson et al., 2000) . Nonetheless, when taken in their entirety, our results reveal a consistent nels with that of KcsA and six-transmembrane segment K ϩ channels (Figure 7) . The accessibility of three resipicture of P region structure. Residues enclosed by circles were accessible to external MTS reagents. For RET, shaded circles denote residues that were only accessible in closed state, whereas halfshaded circles denote residues that were accessible in both open and closed states. For Shaker channels, state dependence of accessibility was not determined. Open square indicates W9C residue in RET, which was accessible in open but not closed state. Dots indicate cysteine-substituted residues that showed no effect with reagents. Data for Shaker pore helix from MTSEA applications (Gross and MacKinnon, 1996) . Data for C-terminal region of Shaker from Ag ϩ applications (Lu and Miller, 1995) .
dues at the C-terminal end of the P region (E19C, T20C, renders opposing faces of the helix accessible or inaccessible to external, hydrophilic, sulfhydryl-modifying and P22C) is consistent with previous SCAM studies on CNG channels (Sun et al., 1996; Becchetti et al., 1999) reagents. The L14C mutant is somewhat anomalous, as it shows rapid MTSEA accessibility in both the absence and voltage-gated Shaker (Lu and Miller, 1995) 
(J. L. and S. A. S., unpublished data)
. Thus, the rapid reactivity of L14C with external MTSEA in the presence However, there are also some significant differences between our results on CNG channels and previous reof 10 mM cGMP may, in fact, reflect reaction of channels in the closed, ligand-bound state. sults on K ϩ channels. First, the residues that we find accessible to MTSEA in the closed state lie on a face
The above conclusions must be tempered by the fact that we were able to test the open-state MTS reactivity of the pore helix that is opposite to the face that contains the MTSEA-reactive residues in Shaker K ϩ channels for only three of the seven residues that lie on the face of the pore helix that is opposite to the face that shows (Gross and MacKinnon, 1996) . Furthermore, the face of the pore helix that is accessible to MTSEA in the closed closed-state reactivity (S6C, Y8C, and W9C). Only one of these mutants, W9C, showed an alteration in cGMPstate of CNG channels, in the crystal structure of KcsA, points away from the external solution toward the integated current with MTS reagents. Interestingly, the residue aligned with W9 in Shaker channels is also a tryptorior of the channel protein (Figure 8) .
It is perhaps not surprising that there should be differphan that, when substituted with cysteine, reacts with external MTSEA (Gross and MacKinnon, 1996) . In conences in the pattern of MTS accessibility between the cation-nonselective CNG channels and the K ϩ -selective trast, the residue aligned with S6C in Shaker K ϩ channels (A4C) does not react with external MTSEA (Gross and Shaker channels. Highly conserved tyrosine and glycine residues (YG) in the K ϩ channel GYG signature sequence MacKinnon, 1996), and, so, its lack of reaction in CNG channels is not unexpected. However, the residue W8C that help form the K ϩ selectivity filter are deleted in CNG channels. Deletion of these residues in Shaker channels in Shaker channels, aligned with Y8C in CNG channels, does react with external MTSEA to inhibit Shaker chanyields a cation-nonselective channel with permeability properties similar to those of CNG channels (Heginbonel current. Furthermore, the fact that the rates of MTSEA modification of all reactive pore helix residues tham et al., 1992). Presumably, this deletion leads to dilation of the pore, from an effective radius of 3 Å in are Ͼ100-fold slower than the rates of MTSEA reactivity with free sulfhydryls in solution suggests that the local K ϩ channels to around 6 Å in CNG channels (Goulding et al., 1993) . This YG deletion in the selectivity filter may environment must impede MTSEA access or reactivity. Thus, it is possible that the pore helix remains relatively lead to a propagated shift in the phase of the aligned residues in the upstream pore helix. An alignment of immobile during gating and that the state-dependent changes in reactivity of pore helix residues are due either the residues accessible to MTSEA in Shaker with those accessible to MTSEA in the CNG channels suggests to changes in the local electrostatic environment or to conformational rearrangements in neighboring regions that a rotation of the pore helix by 100Њ, or a one amino acid shift, can be sufficient to align the two pore helixes around the pore helix. Nonetheless, these results clearly indicate some relatively widespread perturbation, either and patterns of MTSEA accessibility (Figure 7) . However, static differences between the structure of in the pore helix or in its local environment, during channel gating. K ϩ and CNG channels cannot explain the closed-statedependent reactivity of V4C, L7C, and T11C and the Our results show both similarities and differences with those of Becchetti et al. (1999) , who studied reactivity open-state-dependent reactivity of W9C in the CNG channels. Rather, these data suggest a model in which of RET channels with external MTSET using a more limited set of cysteine-substituted mutant monomers. the CNG channel pore helix undergoes a 100Њ-180Њ rotation around its long axis during channel activation, which Similar to our findings, the authors observe that T20C ., 1989) was a statistically significant effect. For cysteine mutants that expressed subcloned in a modified vector pGEM-3Z (Promega) containing the as homotetramers from monomeric constructs, we compared the 5Ј and 3Ј Xenopus ␤-globin untranslated sequences flanking the effects of 90 s applications of MTS reagents on the mutant channels polylinker region (Goulding et al., 1994) . Dimer constructs were with the effects on wild-type RET formed from monomers (using made using PCR and subcloning (Liu et al., 1996a). All dimers were responses to 10 mM cGMP). For cysteine mutants that were exmade by digesting mutants with SauI and HindIII, gel isolating the pressed as tandem dimers, we compared the effects of 90 s applica-1.6 kb fragment, and subcloning the fragment into a dimer vector, tions of MTS reagents on the mutant dimer channels with the effects which has a wild-type RET CNG channel sequence with a small of MTS reagents on dimers of wild-type RET subunits (RET-RET). C-terminal linker (Liu et al., 1996a). The constructs were amplified in the SURE2 bacteria cell line (Stratagene) to obtain dimer DNA.
Rate Constant Measurements Due to possible recombination events in the bacteria and monomer
We measured the first-order reaction rate of MTS compounds apcontamination, the DNA was gel purified after NheI linearization.
plied from the outside of the membrane in the closed state by RNA was transcribed from DNA using T7 RNA polymerase (Message measuring the time course of change in peak current response to Machine, Ambion) and injected into Xenopus oocytes prepared as brief applications of 10 mM cGMP. The decline in peak current at previously described (Goulding et al., 1992) . . f is a correction may diffuse across the membrane and react with residues on the factor for nonspecific effects of MTS reagents, obtained from the opposite side of the membrane to which they were applied (Holmfractional block of wild-type channel current by 90 s exposure to gren et al., 1996; Becchetti et al., 1999), complicating the interpreta-MTS reagents (that is, f ϭ I 0 /I 90 for wild-type channels; f was between tion of the sidedness of the water accessibility of a particular residue.
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